The microfabrication of microfluidic control systems and the development of increasingly sensitive molecular amplificaiton tools has enabled the miniaturization of single cells analytical platforms. Only recently has the throughput of these platforms increased to a level at which populations can be screened at the single cell level. Techniques based upon both active and passive maniuplation are now capable of discriminating between single cell phenotypes for sorting, diagnostic or prognostic applications in a variety of clinical scenarios. The introduction of multiphase microfluidics enables the segmentation of single cells into biochemically discrete picoliter environments. The combination of these techniques are enabling a class of single cell analytical platforms witin great potential for data driven biomedicine, genomics and transcriptomics.
Introduction
Over the past few decades, microfabrication has enabled the development of miniaturized analytical platforms that may be integrated to produce portable laboratories, commonly referred to as Lab-on-a-Chip devices. Individual analytical operations, enabled and joined by microfluidic channels, have been reduced to length scales on the order of single cells [1] . Countless microfluidic technologies have been introduced and the pace of innovation accelerated with the introduction of facile fabrication methods, such as poly(dimethylsiloxane)-based soft lithography [2] . Microfabrication and soft lithography have been used not only to develop precise fluid control strategies [3] , but also to actively [4, 5] or passively [6] manipulate single cells and their environment [7] . As increasingly sensitive molecular biology tools have been introduced, a new class of lab-on-achip devices, capable of sorting, segmenting, and individually characterizing large numbers of single cells, has emerged [8] .
The increasing throughput of microfluidic single cell analysis technologies has enabled cellular populations to be characterized and parsed for heterogeneity [9] , diseased or mutant cells to be isolated [10] , and rare cells to be selected from complex cellular backgrounds [8] .
Techniques enabling the selection and characterization of single cells have allowed the presence and significance of cellular subpopulations to be identified and analyzed. This has broad implications for biochemical production, clinical diagnostics, therapeutics, and regenerative medicine. The introduction and implementation of multiphase microfluidics as a route to cell encapsulation has provided a method of segregating single cells into discrete picoliter fluid droplets, isolated from other cells and cellular environments. High cell encapsulation rates allow populations to be isolated as single cells for molecular characterization at the genomic or transcriptomic level.
As microfluidic devices for single cell analysis have progressed toward higher throughput capabilities, they have provided new perspectives on how to utilize cellular and molecular information to understand, diagnose, and treat disease. This review summarizes the techniques and technologies that are enabling this nascent shift in biomedical and clinical science.
Screening and Sorting of Heterogeneous Cellular Suspensions
The advent of microfluidics promptly introduced techniques for isolating single cells from bulk populations [4] with fine selectivity and sensitivity. Figure 1 provides an overview of microfluidic-enabled technologies and their ability to analyze and isolate increasingly rare single cells from increasingly large populations. Properties of selectively immobilized cells have been directly characterized using static and quasi-static techniques such as MEMS resonant sensing [11] , atomic force microscopy (AFM) [12, 13] (Figure 1a) , and fluorescence microscopy [14] . As microfabrication schemes and fluid control techniques advanced, the selectivity and number of cells that could be simultaneously analyzed increased [1, 15] . Cell traps have been used to individually confine large numbers of single cells for long term observation [16] , and a variety of methods are used to array cells including passive hydrodynamics [17] , dielectrophoresis [18] , and optical gradients [19] . The open configuration of cell trap arrays enables the monitoring of cell-cell signaling [14] and has been used to induce and analyze temporal biochemical patterns over time [20] .
Cell traps are ideal for analyzing representative cross sections of cellular populations, but the initial distribution of cells is random, and therefore, the discrimination of subpopulations is difficult. Many strategies have emerged for the identification and collection of subpopulations from bulk suspensions with applications in clinical medicine such as malarial diagnostics [21, 22] and cancer prognostics [23] . Immunoaffinity capture surfaces with integrated fluidics were shown to be particularly adept at selectively and quantifiably isolating subpopulations from large volumes of clinical samples [24] . The sensitivity of these platforms has become sufficiently sophisticated to enable the isolation of rare cells from complex media, a capability that has cultivated particular interest in devices suited for the capture of circulating tumor cells (CTCs), cells shed from primary tumors into the bloodstream, from whole blood. The extremely low abundance of CTCs present in peripheral blood poses challenges for clinical quantification, which demands high yield and purity capture. The accurate enumeration and characterization of CTCs from peripheral blood for prognostic, diagnostic, and individualized therapeutic applications therefore requires high throughput microfluidic characterization of CTCs at the single cell level. While affinity-based capture devices have been refined [25, 26] , recent work has provided high-throughput and label-free alternatives [27] [28] [29] .
Actuated cell sorting relies upon external electrical, optical, acoustic, or magnetic fieldinduced stimuli to selectively manipulate particles across fluid streamlines. Passive sorting, alternatively, utilizes adhesion, filtration, and inertial hydrodynamic forces for sample debulking. Label-free sorting mechanisms exploit physical properties of the cell including size, shape, density, elasticity, polarizability, and magnetic susceptibility. Recently high throughput label-free platforms have been reported for CTC isolation [5] . Magnetophoreticbased CTC isolation platforms have also been demonstrated that address throughput and label-based limitations [6] , while acoustophoresis has been suggested for high throughput label-free separation [30] .
Among many passive particle separation motifs, high throughput hydrodynamic sorting includes size-exclusion filtration [31] , cross-flow [32] , hydrophoretic [33] and hydrodynamic [34] filtration, and pinched flow fractionation [35] . Inertial focusing is a more recently described cell focusing and sorting technique. Passive and size selective, inertial focusing is governed by inertial lift forces that induce lateral migration of cells or particles across fluid streamlines to predictable equilibrium positions [36] . Precise spatiotemporal focusing positions arise from a combination of lateral focusing by inertial forces and longitudinal ordering arising from hydrodynamic repulsions (Figure 2a ). This sheathless alignment is ideal for high throughput optical single cell analyses [37] . A secondary inertial flow, perpendicular to the primary flow direction, is also observable in curved microchannels at finite inertia [36] , which can be utilized to further manipulate focusing behavior. Inertial focusing has enabled numerous promising technologies and separation modalities ranging from miniaturized analogs of existing techniques to fundamentally new innovations. Microfiltration of bacteria from dilute blood [38] , plasma separation [39] , and particle enrichment [40, 41] have been demonstrated with inertial focusing devices and exhibit numerous advantages over centrifugation or mechanical filtration, including a compact, portable device footprint, precise and pure size-selective separations, and the elimination of manual sample handling and fouling issues.
Inertial microfluidics have been applied to CTC characterization and enrichment in a variety of ways [8] . A multistage, integrated, inertial focusing-based device [6] combined deterministic lateral displacement, inertial focusing, and magnetic deflection in series to effectively demonstrate the marginal gain of microfluidic sample handling relative to bulk processing. Capable of both positive or negative selection modes of tumor membrane epitopes, this device is applicable to a broad range of cancer phenotypes (Figure 2b) . Inertial focusing within spiral microchannels can exploit size differences for CTC fractionation [42] (Figure 2c) . Related work has introduced geometric refinements for improved isolation of CTCs from peripheral blood components [43] . Microvortex-generating microfluidic devices [44] have been demonstrated for label-free CTC separation based upon size distributions of targeted CTC and bulk blood components [45, 46] .
In the absence of cell capture or enrichment, inertial focusing has been particularly useful as a high throughput tool to characterize the mechanical phenotype -mechanical properties that can be used as a label-free biomarker for predicting disease -of heterogeneous cell suspensions on a single cell basis [47, 48] (Figure 1e, 2d) . Inertial focusing and high speed image analysis have enhanced the throughput of mechanotyping measurements over static approaches, such as AFM. With applications in rare cell characterization, hydrodynamic mechanotyping is a powerful method to discriminate distinct subpopulations of CTCs or diseased lymphocytes for prognostics or predictive individualized therapies. Optophoresis [49] , optical compression [50] , and optical stretching [51] (Figure 1b) , while lower throughput than inertial focusing mechanotyping, can detect more subtle variations in refractive index, a measure of cell size, density and cytoskeletal properties, with broader mechanical deformation profiles.
Single cells within Segmented Environments
In addition to selecting, positioning, and isolating single cells, microfluidic tools are also well suited to create unique, segmented environments in which to isolate individual cells from other cells. Discrete microenvironments were first developed as arrays of individual microchambers connected through micromechanical valves. Consisting of PDMS micromolded chambers with pressure driven valves, these devices were analogous to integrated circuits, enabling access to individual microchambers [3] and the fine tuning of biochemical environments around sequestered cells (Figure 1d ). Though convenient for examining the temporal variation in biochemical expression for a multitude of cells under distinct conditions, their nuanced design limits parallelization and extension to single cell applications [18] . Restrictions on throughput and associated analysis time have motivated new approaches to engineering single cell environments.
Microfluidic emulsification was introduced and quickly adopted as a robust technique for generating precise fluidic aliquots [52] , performing custom particle syntheses, and isolating single cells. Combining deterministic encapsulation [53] with precision biochemical microenvironment control and unmatched throughput, droplet-based segmentation has enabled a host of unique assays on the single cell level (Figure 2e ). Improved throughput is particularly critical for single cell genomic sequencing [1] due, in part, to the scarcity of microbial species amenable to isolation using standard culturing methods, with even fewer (less than 0.01%) of known viruses readily isolatable [54] . Bench scale DNA sequencing methods are time consuming and expensive, and require serial dilutions or flow cytometry. In the last decade the field of single cell genomics has experienced a paradigm shift as integrated microfluidic techniques have been adopted, beginning with the polymerase chain reaction (PCR) to isolate nucleic acids from single cells, followed by digital PCR (dPCR) sequencing. More recently, high throughput methods have emerged to detect copy number variation-related disease and infer clonal evolution of a breast tumor by measuring single cell copy number using droplet dPCR [55] (Figure 3a) . Purification and genome sequencing of single viral species directly from environmental samples via droplet-based dPCR has also been demonstrated, precluding the need for culturing entirely [56] (Figure 3b ). These tools have been integrated into systems to understand mutation rates in gametogenesis [57] .
Epigenetics, variations in the local cellular environment, and signaling cues are all additional sources of phenotypic heterogeneity. Microfluidic real time reverse transcription PCR (RTqPCR) capable of detecting single RNA copies was first demonstrated several years ago, but suffered from a lack of throughput [58] . Subsequently, an integrated microfluidics-based quantitative RT-qPCR platform introduced single cell specific gene expression, surpassing previous throughput by a factor of one hundred [59] . Recently, droplet platforms were developed to prepare cDNA from single cells for high-throughput whole-transcriptome sequencing in droplets [60] , as well as to conduct a comparison of single-cell RNA sequencing (Figure 3c ). This illustrates that current RNA-sequencing techniques had become quantitatively comparable to commercial bench-scale qPCR but with less sample bias [61] . Most recently, two groups independently described the development of Dropseq [62] and In-drop [63] , which are cost-effective, integrated, highly parallel microfluidic platforms that rely on genetic code barcoding to remember the cell-of-origin, enabling the simultaneous preparation of thousands of single-cell libraries for transcriptome-sequencing. A present challenge is the measurement of data from single cells in situ to preserve their spatial context while collecting combinations of DNA and RNA data in parallel from the same cell [64] .
Conclusions and Outlook
The technologies described in this review have enabled the high throughput sorting, capture, and manipulation of single cells. High throughput droplet microfluidics enables the large scale encapsulation of therapeutic-level quantities of cells while simultaneously enabling a host of screening and sorting applications. Techniques such as fluorescent droplet analysis and encapsulation of therapeutic cells [65] exploit the high throughput capacity of this technology. Emerging applications will build upon the techniques described here to develop technologies for in vitro cell culture within microfluidically prepared hydrogels. Potential applications include controlled cell growth in 3D biomaterial niches [66] , stem cell trophic factor therapeutics [67] , tissue engineering [68] , and in vitro screening [69] . Three dimensional tissue bioprinting [70] and related techniques adapted from inkjet printing may incorporate these capabilities for cell and biomaterial patterning [71] .
Microfluidics, coupled with increasingly sensitive molecular biology tools has changed the landscape of single cell analysis in fundamental ways. The past few years has witnessed the introduction of high throughput encapsulation, sorting, and analytical techniques that have allowed cellular populations to be characterized at the level of the single cell genotype or phenotype. These tools are only just beginning to have an impact upon clinical medicine and global health. Increasingly, microfluidic platforms will be capable of monitoring cellular dynamics in response to environmental changes, signaling events, and mechanical stimuli. Using single cell analytical platforms to inform the design of biomaterials and multicellular systems will prove transformative to other disciplines, including tissue engineering and regenerative medicine. Microfluidic technologies have dramatically increased in throughput capacity while enabling high-purity single cell recognition or separation from bulk samples. Microfluidic techniques that have enabled the evolution of single cell analyses, and their predecessors are illustrated: a) Atomic force microscopy for biophysical marker identification [13] b) Optical stretching for single cell mechanical property measurements [50] . c) Hydrodynamic cell isolation array for single cell capture and analyses [14] [15] . d) Microfluidic large scale integration [3] . e) Hydrodynamic stretching for single cell mechanophenotyping [48] . Overview of inertial focusing and its application in various high throughput biological sample processing for single cell analyses. a) Inertial focusing behavior in microchannels with rectangular cross-section. b) High throughput inertial focusing mediated magnetophoresis [6] . c) Size based cell sorting in spiral microchannels with rectangular cross section. d) Single cell hydrodynamic stretching for mechanical phenotyping [48] . e) Deterministic cell encapsulation for precise modulation of single cell environments [53] . Overview of microfluidic single cell encapsulation and droplet microenvironment manipulations for downstream molecular analyses. a) Droplet single copy PCR amplification [55] . b) Droplet whole genome PCR amplification [56] . c) Droplet barcoding for single cell transcriptomics [63] .
